Time-resolved UV resonance Raman (UVRR) spectroscopic studies of WT and mutant myoglobin were performed to reveal the dynamics of protein motion after ligand dissociation. After dissociation of carbon monoxide (CO) from the heme, UVRR bands of Tyr showed a decrease in intensity with a time constant of 2 ps. The intensity decrease was followed by intensity recovery with a time constant of 8 ps. On the other hand, UVRR bands of Trp residues located in the A helix showed an intensity decrease that was completed within the instrument response time. The intensity decrease was followed by an intensity recovery with a time constant of Ϸ50 ps and lasted up to 1 ns. The time-resolved UVRR study of the myoglobin mutants demonstrated that the hydrophobicity of environments around Trp-14 decreased, whereas that around Trp-7 barely changed in the primary protein response. The present data indicate that displacement of the E helix toward the heme occurs within the instrument response time and that movement of the FG corner takes place with a time constant of 2 ps. The finding that the instantaneous motion of the E helix strongly suggests a mechanism in which protein structural changes are propagated from the heme to the A helix through the E helix motion.
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hemeprotein ͉ protein dynamics ͉ resonance Raman spectroscopy ͉ time-resolved spectroscopy P roteins are endowed with both stiff and flexible properties; hence, their dynamics are closely associated with structure and function. Because allosteric proteins, in general, propagate conformational changes over considerable distances, how these conformational changes are generated and transmitted is of major interest for understanding the regulatory, kinetic, and recognition properties of proteins (1) (2) (3) . A variety of experimental evidence suggests that rapid and long-range propagation of conformational changes through the core of protein plays a vital role in allosteric communication. For example, the cooperative oxygen-binding properties of hemoglobin (Hb) result from a change in quaternary structure, which is initiated by ligand binding/release at the heme (ligand binding site). Therefore, if the pathway by which one quaternary structure is converted to the other quaternary structure is structurally characterized, our understanding how a protein performs its function will be greatly advanced. The ligand-induced dynamics of myoglobin (Mb) are a basic subject for studying such features in proteins. Although Mb is a monomeric protein, the threedimensional structure of Mb is closely similar to that of a subunit of Hb. Thus, the structural changes of Mb can be regarded as a model for the tertiary structural events that cause the quaternary structural change of Hb.
In Mb, the Fe 2ϩ ion contained in the heme is bound to the proximal histidine (His-93) as the sole covalent link to the protein. The magnitude of atomic displacement at the heme required for ligand binding/release is estimated from x-ray crystal structures of unligated (deoxyMb) and CO bound forms (MbCO) (4) . The ligated heme has a planar structure with a low-spin iron atom. Upon ligand dissociation, the iron atom is converted from low to high spin states and moves out of the porphyrin plane by 0.3 Å, which transforms the structure of the heme into a domed form.
The crystal structures of deoxyMb and MbCO show significant differences in the positions of the E and F helices, which hold the heme group as shown in Fig. 1 . In the deoxyMb, backbone segments near His-64 in the E helix and His-93 in the F helix are shifted in the same direction by 0.3 Å compared with that in MbCO. Transient grating studies suggested the initial motions of the protein are collective in nature (5, 6) . Time-resolved crystallography suggested that global conformational change of the protein propagates from the heme throughout the entire protein within 150 ps after CO dissociation (7) . Although experimental information on the ultrafast motion of Mb is available, it was not known what specific motions of the protein portion contribute to the early time response, and only qualitative statements about the possible motions could be derived from stationary structures. Time-resolved spectroscopic studies are expected to give an answer to this question for a protein in solution, which cannot be given by x-ray crystallography. However, most of the early spectroscopic studies have been limited to observation of the structural changes within the heme group. Studies to monitor protein motions with high time resolution are required to elucidate the primary protein dynamics induced by ligand association and dissociation (5, (8) (9) (10) (11) (12) (13) .
UV resonance Raman (UVRR) spectroscopy is a powerful tool for protein structural studies because it enables selective observation of the Raman bands of aromatic amino acid residues by tuning the excitation wavelength (14, 15) . Because several vibrational bands of aromatic residues serve as structural markers of proteins, time-resolved UVRR spectroscopy can provide site-specific information about protein motion (16, 17) . Previously, we had reported preliminary results using picosecond time-resolved UVRR spectroscopy and proved its advantages to study ultrafast protein motion (18) . Accordingly, we carried out more detailed study using mutants and succeeded in detecting primary structural changes after CO dissociation in Mb. The present results provide a concrete picture of the primary protein response after ligand dissociation and insights into the pathway by which protein structural changes propagate from the heme to the sites far from the heme.
Results

UVRR Spectral
Changes in WT Mb. Fig. 2A shows picosecond time-resolved UVRR difference spectra at delay times from Ϫ5 ps to 1,000 ps. The procedure for calculating the UVRR difference spectra from unprocessed time-resolved UVRR spectra is described elsewhere [see supporting information (SI) Text and SI Fig. 7 ]. UVRR bands of Trp and Tyr residues in the spectra were identified by comparison with UVRR spectra of aqueous amino acid solutions. Mode assignments made by Harada and coworkers (14) were adopted. Immediately after CO dissociation, several negative bands appeared in the difference spectra. The negative bands at 759, 1,011, 1,357, and 1,559 cm Ϫ1 result from the intensity changes of the W18, W16, W7, and W3 bands of Trp residues, whereas the weak negative band at 1,179 cm Ϫ1 results from the intensity change of the Y9a band of Tyr residues. The negative band at 1,620 cm Ϫ1 arises from intensity changes of both Y8a and W1 bands. On the basis of the intensity ratio of W3 to W1 bands of an aqueous Trp solution observed with 232-nm excitation, the contribution from W1 to the negative band at 1,620 cm Ϫ1 was estimated to be approximately one-third of the total intensity. Because the time-resolved difference spectra were obtained by subtracting the spectrum of MbCO from that of photodissociated MbCO, the appearance of the negative bands indicates that band intensities of photodissociated MbCO are weaker than those of MbCO. Fig. 2B shows overlaid difference spectra at early time delays. The spectrum for each time delay is normalized in terms of intensity of the W3 negative band for ease of comparison of the 1,620-cm Ϫ1 band intensities. It is evident that the intensity decrease of the 1,620-cm Ϫ1 band is delayed relative to the decrease of the W3 band.
Temporal behaviors of integrated intensity of W18, W16, and W3 bands relative to those of MbCO are shown in Fig. 3 . The intensity of the W16 band showed a decrease within the instrument response time that was followed by an exponential increase with a time constant of 45 ps. After the increase to Ϫ2.1%, the relative intensity of the W16 band remained unchanged up to 1,000 ps. The temporal evolutions of intensity of the W18 and W3 bands were similar to that of W16. Fig. 3 Lower shows a close-up of the time region from Ϫ7 to 35 ps. Fig. 4 shows the temporal behavior of integrated intensities of the band at 1,620 cm Ϫ1 and the Y9a band. In contrast to the time evolutions of the band intensity of Trp modes, the decay of the intensity did not match the instrument response function as shown in Fig. 4 Lower. Initial intensity change of the 1,620-cm Ϫ1 band is delayed relative to that of the W3 band (see SI Fig. 8 ).
After the intensity decrease, initial band intensity recovered within tens of picoseconds. A good fit to the intensity was obtained by convoluting the instrument response with a 1.9-ps exponential decay and a 7.3-ps exponential rise. It should be noted that the initial decay component was necessary to obtain a good fit (see SI Fig. 9 ). The intensity change of the Y9a band can be fitted by a convolution of the instrument response with a 2.0-ps exponential decay and a 8.0-ps exponential rise. Although the 1,620-cm Ϫ1 band is composed of the Y8a band of Tyr and the W1 band of Trp, the temporal behavior of its intensity is similar to that of the Y9a band, indicating that the intensity change of the 1,620-cm Ϫ1 band arises mainly from the Y8a component. residue contributes to the intensity changes shown in Fig. 3 , we performed time-resolved UVRR measurements for single Trp mutants in which one of the two Trp residues was substituted for Phe. Because the mutants of horse Mb were not available, we used sperm whale Mb instead. Sperm whale Mb contains two Trp residues in the same locations as in horse Mb, and its amino acid sequence is very similar to that of horse Mb. The temporal evolutions of Trp band intensities observed for WT sperm whale Mb were similar to those observed for WT horse Mb (see SI Fig.  10 ). Accordingly, environmental changes in the Trp residues in sperm whale Mb are predicted to be similar to those of Trp residues in horse Mb. Fig. 5 A-C shows the time-resolved difference spectra of WT, W7F, and W14F mutants of sperm whale Mb, respectively. Fig.  5D compares the temporal profiles of the intensity change relative to the band intensities in the probe-only spectra. In both time-resolved difference spectra of WT Mb and of W7F mutant, negative bands of Trp appeared at 0-ps delay after CO dissociation. In contrast, a negative band was not observed in the difference spectrum of the W14F mutant. The time evolution of intensity changes of Trp bands in W7F mutant (Trp-14) resembled those in WT Mb. In contrast, at each time delay, the intensity loss of Trp bands in the W14F mutant (Trp-7) was considerably smaller than those in WT Mb and W7F mutant. Intensity changes relative to the corresponding band intensity in the probe-only spectra are larger for the W7F mutant than those for the WT Mb (Trp-7 ϩ Trp-14), because the changed portion of UVRR intensity is larger for Trp-14 than for Trp-7. Based on these observations, we conclude that the instantaneous intensity decrease of Trp bands observed for WT photodissociated MbCO is mainly due to a change of Trp-14.
Discussion
In this study, the intensity changes of Trp and Tyr UVRR bands were observed after CO dissociation, indicating conformational changes of the side chains and/or environmental changes around those residues (19, 20) . As a factor that can affect the UVRR intensity other than conformational changes and the environmental changes, a heating effect and a through-space electronic coupling between the amino acid residues and the heme should be taken into account. The contribution of the former is supposed to be very small, as discussed previously (18) . The contribution of the latter is considered to be negligible for the following reason. A static UVRR study on sperm whale Mb showed that the differences in the Tyr bands between MbCO and deoxyMb are predominantly due to Tyr-151 (21), although Tyr-151 is farthest from the heme among the Tyr residues. If the coupling was significant, Tyr residues closer to the heme should contribute to the spectral changes more upon the change in the electronic state of the heme. Therefore, the intensity change of the UVRR bands due to the electronic coupling is negligible. Thus, we have concluded that the intensity changes observed in the UVRR spectra reflect conformational changes and/or the environmental changes around the residues.
Structural Changes of Protein Around the Tyr Residues. Horse Mb has two Tyr residues, Tyr-103 and Tyr-146. The former is involved in the G helix, whereas the latter is in the C-terminal region of the H helix. Fig. 6 presents the crystallographic structure of horse Mb (22) . Because Tyr-103 is exposed to solvent in both deoxyMb and MbCO structures, the contribution of Tyr-103 to the UVRR intensity changes upon CO dissociation is unlikely. On the other hand, the hydroxyl group of Tyr-146 forms a hydrogen bond to the backbone carbonyl of Ile-99 in the FG corner and is adjacent to the backbone carbonyl of His-93 in the F helix. In addition, the aromatic ring of Tyr-146 contacts the side chain of Ala-94. An analysis of high-resolution x-ray crystal structures showed that the positions of main-chain atoms in the F helix and FG corner in deoxyMb were distinctly different from those in MbCO (4). These structural differences suggested that, upon CO dissociation, the F helix moves away from the heme and that the FG corner moves toward the heme group in opposition to the motion of F helix (see Fig. 6 ). These movements of the F helix and FG corner were also found crystallographically in a transient structure at 150 ps after CO dissociation (7, 23) . The reorientations of the F helix and the FG corner indicated by the static and transient x-ray crystal structures can affect the hydrogen bond and nonbonded contacts of Tyr-146 with neighboring residues. Therefore, it is reasonable that these structural changes are responsible for the UVRR intensity change of Tyr modes.
Previous picosecond time-resolved visible resonance Raman studies showed that heme doming concomitant with iron outof-plane movement is nearly completed within 2 ps (12, 24) . The heme doming induces the F helix movement, which should cause the movement of the FG corner and shift position of His-93 and Ala-94, which results in an environmental change around Tyr-146. In addition, the heme doming can directly move the side chain of Ile-99 adjacent to the heme pyrrole ring. Therefore, the intensity decrease of the Tyr bands with a time constant of 2 ps is attributed to the structural change of the FG corner responding to the fast movement of the F helix and/or the heme doming. After the intensity decrease, the intensity of Tyr bands recovered to an initial value with a time constant of 8 ps. This means that further structural changes take place to alter the environment around Tyr-146. The temporal evolution of the amide I IR absorption after CO photolysis indicates that conformational relaxation of the polypeptide skeleton occurs on a 6-to 8-ps time scale (9) . The time constant of the intensity recovery of Y9a is close to that of the IR absorption change of amide I band. If the conformational change of the polypeptide skeleton occurs in the F helix and FG corner, it should cause environmental changes around Tyr-146. Therefore, it is likely that the UVRR and IR experiments observe the common structural change of the polypeptide skeleton that takes place in the F helix and FG corner. The time constant of 8 ps is close to that reported for the spectral change of the photoexcited heme because of vibrational cooling (25) . But the intensity recovery is not due to the heme cooling, because the contributions of the heating effect and of the electronic coupling on the UVRR intensity are considered to be negligible as described above.
Structural Changes of Protein Around the Trp Residues. Two Trp residues are located in the A helix. Crystallographic data showed that Trp-7 is partially exposed on the protein surface and contacts Lys-79 in the EF corner. On the other hand, Trp-14 is buried within the protein and contacts hydrophobic side chains of Leu-69 and Leu-72 in the E helix. Hydrogen bonds are formed between the Trp residues and neighboring water molecules (22) . The frequency of W17 band (875 cm Ϫ1 ), which serves as a hydrogen bond marker of Trp indole ring, suggests the formation of medium-strength hydrogen bonds in solution (26) . Although the W16 and W18 bands showed frequency shift concomitant with the intensity decrease, the W17 band did not shift upon CO dissociation (Fig. 2 A) . Therefore, it is concluded that the intensity change of Trp bands does not reflect the change of the hydrogen bonds but does reflect the change in environment around Trp-14. This environmental change would also cause the shift of the W16 and W18 bands because these are ring-breathing modes sensitive to an electronic state of the aromatic ring.
The results of UVRR studies of the Trp mutants strongly suggest that the instantaneous intensity decrease of Trp bands in WT photodissociated MbCO is mainly attributable to the change in the Trp-14 environment. Thus, the structural change is significant at the interface between the E helix and A helix at the AB corner, whereas a structural change is relatively small at the interface between the EF corner and the A helix on the N-terminal side (Fig. 6B) . UVRR studies of Trp in various solvents found the correlation between the Raman intensities and solvent polarizability or hydrophobicity (19) . Studies of structurally well defined proteins showed the correlation is applicable to Trp residues in protein (27, 28) . If a Trp residue is buried into more polarizable or hydrophobic environments, the B b absorption band shifts to lower energy and, concomitantly, the Raman excitation profile is expected to exhibit a red shift. The red shift should result in the enhancement of Raman intensity when the excitation wavelength is on the red side of the excitation profile. In fact, the deoxyMb-minus-MbCO difference spectra measured at various excitation wavelengths showed that the difference features of the Trp bands changed from negative to positive when the excitation wavelength shifted shorter from 230 to 226 nm (see SI Fig. 11 ). This indicates that the maximum of the excitation profile is present between 226 and 230 nm and the present excitation wavelength at 232 nm lies on the red side of the excitation profile. Therefore, the instantaneous intensity decrease of the Trp bands can be attributed to a decrease of polarizability or hydrophobicity around Trp-14.
The high-resolution structures of MbCO and deoxyMb showed that the main chain atoms of His-64 in the E helix are closer to the heme by 0.3 Å in deoxyMb than in MbCO (4). In addition, the E helix movement toward the heme was observed crystallographically in the transient structure at 1 ns after CO photodissociation (29) . If the E helix displaces toward the heme group, it should cause weakening of the nonbonded contacts of Trp-14 with Leu-69 and Leu-72 that result in a decrease of hydrophobicity around Trp-14. Accordingly, we conclude that the hydrophobicity decrease of the Trp-14 environment reflects the E helix movement toward the heme that takes place within the instrument response time.
Our observation suggests that the environmental change around Trp-14 occurs in the primary protein response. On the other hand, static UVRR and time-resolved fluorescence studies suggested that the environment difference between MbCO and deoxyMb is found not around Trp-14 but around 30) . This means that the environmental change around Trp-14 is transient. The UVRR intensity decrease of Trp-14 does not recover completely up to 1,000 ps. Therefore, further structural relaxation that changes the environment of both Trp residues would take place later than a nanosecond. This structural change may be attributable to the A helix rearrangement in response to the fast E helix motion, because a change in the relative orientation between the A and E helices should influence the contacts of Trp-7 with the EF corner and of Trp-14 with the E helix.
Picture of the Primary Protein Response. Transient phase grating measurements suggested that Mb changes its shape within 500 fs after CO dissociation (5) . The present data imply the occurrence of ultrafast motion of the E helix within the instrument-limited time, suggesting its involvement in the shape change.
Transient grating studies suggested that photodissociation of Fe-CO bond activates the collective motions of the protein to drive the protein from its ligated to deligated conformation (5, 6) . A molecular dynamics simulation showed that, as the Fe-CO bond stretches, the protein structure evolved in the direction predicted from the comparison of equilibrium structures (31) . The normal mode analysis of the oxy-and deoxyMb found that the functionally important conformational change can well be expressed in terms of a relatively small number of collective low-frequency modes (32) . These results provide the view that the reaction forces at the heme become channeled very efficiently into the spatially extended collective motions of the globin. The present study experimentally identified what specific motions of protein portion contribute to the primary protein response: we demonstrated that primary protein response involves not only the FG corner motion responding to the F helix motion and/or the heme doming but also the E helix motion, which is impulsively driven upon the ligand dissociation, consistent with the view described above.
Propagation of Structural Changes from the Heme to the E Helix. It is believed that structural changes are propagated from the heme to globin through the sole covalent linkage between the heme and protein (Fe-His-93). However, the instantaneous displacement of the E helix strongly suggests a pathway other than that through the Fe-His-93 bond. There must be a mechanism that directly drives the E helix following the CO dissociation. A recent static UVRR study of the H93G mutant Mb suggests that the Fe-His-93 bond is not responsible for transmitting the structural changes from the heme to the N terminus of A-helix (33) . Thus, the structural changes at the heme proximal side induced by a change of the Fe-His-93 bond would only be a partial element of the protein response. Despite the relatively weak interaction between the heme and the E helix, the E helix moves very quickly in response to the heme doming. The ligand dissociation and/or heme doming would drive collective protein motions involving a segmental motion of the E helix. Some parts of the protein should mediate the force for the collective mode.
The most likely mediator is Val-68 whose side chain is in contact with the oxygen atom of the bound CO molecule in the heme (4) . Studies on distal heme pocket indicated that the side chain of Val-68 gives rises to a steric hindrance for the bound CO (34) (35) (36) . The time-resolved x-ray crystallographic data suggested that movements of hydrophobic residues near the heme including Val-68 occur by 100 ps to accommodate doming of the heme and translocation of the CO after photolysis (37) . Therefore, the dissociation-induced relief of the contact of Val-68 with CO could trigger the movement of the E helix toward the heme. It should be noted that Guallar et al. (31) had attributed the loss of this contact to the rapid E helix movement toward the heme observed in their molecular dynamics simulation. Seno and Go (32, 38) demonstrated that protein conformational changes are transmitted from the heme to the A helix in the direction from Leu-69 and Leu-72 to Val-13 and Trp-14. Therefore, we propose that the mechanism in which the structural changes are transmitted to the A helix is the dissociation-induced movement of the E helix and concomitant change of the nonbonded contacts of Trp-14 with Leu-72 and Leu-69. The propagation of structural changes from the heme to the E and A helices through the nonbonded contact of Val-68 with CO appears to be plausible. The validity of the pathway through the contact of CO with Val-68 remains to be further tested in future studies by timeresolved UVRR using mutant Mb, substituting Val-68 for residues with less bulky side chains.
In conclusion, protein structural changes are propagated from the heme to throughout the entire globin through at least two pathways. In one pathway, changes are transmitted to the C-terminal region of the H helix through the structural changes in the proximal side of the heme as proposed so far: the rearrangement of the F helix and FG corner induced by the heme doming. However, the instantaneous environmental change around Trp-14 in the A helix is not compatible with the transmission of the structural change through the proximal side of the heme. In another pathway, protein structural changes are propagated from the heme to the N-terminal region of the A helix through the E helix.
Materials and Methods
Details of our UVRR apparatus were described previously (18) . A Ti/sapphire oscillator-amplifier laser system provided pulses tuned to 816 nm with a repetition rate of 1 kHz. The second harmonic (408 nm) of the laser output was focused into a Raman shifter filled with methane gas to generate first Stokes stimulated scattering at 463 nm. A probe pulse at 232 nm was generated as the second harmonic of the 463-nm output. Another portion of the 408-nm pulse was used as a pump pulse, which passed through an optical delay stage. At the sample point, energies of the probe and pump pulses were 0.4 and 15 J, respectively. The cross correlation width between the two pulses was 3.3 ps.
Horse skeletal Mb (Sigma) and sperm whale Mb (Biozyme) were used without further purification. They were dissolved into a 50 mM phosphate buffer at pH 7.4 to make 250 M solutions. W14F and W7F mutants of sperm whale Mb were expressed and purified as described previously with some modifications (21, 39) . The concentration of the Trp mutants was adjusted to 180 M in 50 mM phosphate buffer at pH 7.4. The sample solution subjected to the UVRR measurement was replaced with a fresh one every 100 min. Sample integrity after exposure to laser irradiation was confirmed with UV-Vis absorption spectra.
